In this study, Eu 3+ and Y 3+ double doped ZrO 2 , that is Zr 0.88 Y 0.08 Eu 0.04 O 2-α (ZYE) electrolyte was synthesized by the chemical precipitation method. The low melting point glass powder (glass) was used as an additive to ZYE electrolyte for intermediate temperature SOFC after heated at 700 °C for 2 h. The phase composition and microstructure of the Zr 0.88 Y 0.08 Eu 0.04 O 2-α -low melting point glass powder (ZYE-glass) composite electrolyte were observed by XRD and SEM. The effects of gas atmosphere, operating temperature, time and the partial pressure of oxygen on the ionic conductivity of the ZYE-glass composite electrolyte were also studied at 400-800 °C.
INTRODUCTION
Hydrogen is widely recognized as the cleanest and most renewable energy source, and it can be used as a clean fuel in fuel cells, which are the most efficient tools for converting hydrogen energy into electrical energy. Solid oxide fuel cells (SOFCs) are proved to be one of the most important energy conversion devices because they exhibit high power-generation efficiency, multi-fuel capability and low emissions [1] [2] [3] [4] [5] [6] . As an important component of SOFCs, solid electrolyte determines the efficiency of the SOFC and its operating conditions, such as working temperature. Yttria-stabilized zirconia (YSZ), which has good oxygen ionic conductivity, is the most extensively applied SOFC electrolyte material and is usually operated at high temperature (800-1000 °C) to minimize the ohmic and polarized losses. However, the conductivity of YSZ is significantly reduced when operating at lower temperatures (400-800 °C), which greatly limits its commercial application in SOFCs [7] [8] [9] [10] [11] [12] .
As has been found in many studies, double metal ion doped zirconia can effectively reduce the sintering temperature [13] [14] [15] . It has also been evidenced that double metal ion doped zirconia can significantly reduce the operating temperature and improve its conductivity. Gong et al. found that CaO/Y 2 O 3 -stabilized ZrO 2 exhibited higher ionic conductivity than ZrO 2 -CaO and ZrO 2 -Y 2 O 3 at high temperature, which is mainly ascribed to the increase in the concentration of the oxygen vacancies [13] . It has been reported that doping Al 2 O 3 to YSZ could enhance the mechanical properties, decrease the sintering temperature of YSZ, and the highest output value was achieved for a single cell based on 1 wt.% Al 2 O 3 -doped YSZ electrolyte [14] . YSZ-SDC (samarium doped ceria) composite was found to be responsible for the enhanced electrical conductivity in the temperature range 400-700 °C [15] In this paper, a new ZYE-glass composite electrolyte was prepared. The structure, morphology, ionic conductivity and electrochemical properties at intermediate temperature (400-800 °C) of the composite electrolyte were examined by various methods. The effects of different gas atmospheres, operating temperature, time and the partial pressure of oxygen on the ionic conductivity were also studied. All the reagents used were of analytical-grade. The NH 4 OH was added drop-wise to the mixed solution under continuous stirring until the pH reached 9. The precipitate was washed and dried. Subsequently, the resulting precursor was heated at 700 °C for 6 h to get the ZYE electrolyte. The ZYE electrolyte was mixed with low melting point glass powder (glass) at a weight ratio of ZYE electrolyte to glass of four to one. The composition of the low melting point glass powder is Na 2 O-CaO-SiO 2 -ZnO (Taizhou Xinhai Special Materials Factory, 300 mesh, m.p. is 550 °C). After heating at 700 °C for 2 h, the Zr 0.88 Y 0.08 Eu 0.04 O 2-α -low melting point glass powder (ZYE-glass) composite electrolyte was obtained. Thermogravimetry analysis and differential scanning calorimetry (TGA-DSC, Universal V 3.7A, TA Instruments, New Castle, USA) were analyzed to determine the suitable calcination temperature for the ZYE electrolyte. The precursor was heated in the temperature range of 25-1000 °C at the rate of 15 °C·min -1 with flowing N 2 . The X-ray diffraction (XRD, X'pert Pro MPD, Amsterdam, Netherlands) patterns of the ZYE electrolyte and ZYE-glass composite electrolyte were obtained to determine the crystalline phase with a CuKα X-ray source (1.5418 Å). The morphology of the ZYEglass composite electrolyte was investigated by a scanning electron microscope (SEM, S-4700, Hitachi, Tokyo, Japan).
EXPERIMENTAL

Eu
The effect of different gas atmospheres, operating temperature, time and the partial pressure of oxygen on the electrical conductivities was investigated using an electrochemical analyzer (CHI660E, Shanghai, China) in a three-electrode system over the frequency range of 0.1 Hz to 1 MHz at 400-800 °C. And the ac amplitude was 20 mV. The sample powders were pressed into pellets and then ground into thin slices with a thickness of 1.0-1.2 mm. A 20% palladium-80% silver paste with silver wires were attached onto both sides of the pellets as electrodes, the areas of both electrodes were about 0.5 cm 2 . A H 2 /O 2 fuel cell using the ZYE-glass composite electrolyte as electrolyte was fabricated. The fuel cell was tested using the linear scanning of current and voltage method in the CHI660E electrochemical analyzer. The thermogravimetry analysis and differential scanning calorimetry (TGA-DSC) were conducted to determine the suitable calcination temperature required for ZYE electrolyte. Fig. 1 shows the TGA-DSC curves of the precursor. As can be seen from Fig. 1 , there was a weight loss of 15 % from room temperature up to 80 °C with a sharp endothermic peak which can be ascribed to the loss of the adsorbed water and ammonium salt in the precursor [16] . The DSC curve has two exothermic peaks between 100 °C and 300 °C accompanied by 40 % weight loss which can be assigned to the decomposition of the nitrate [17] . Almost no weight loss was observed when the temperature was above 680 °C, therefore, the optimal calcination temperature for ZYE electrolyte was chosen as 700 °C [18] [19] . , where the tetragonal phase was the main constituent. And there were no characterized diffraction peaks relating to the low melting point glass powder phase, which means that the low melting point glass powder exists as an amorphous phase. All the results indicate that the low melting point glass powder which did not react with ZYE electrolyte mainly existed in the grain boundary in an amorphous form [20] .
RESULTS AND DISCUSSION
The microstructure of the ZYE-glass composite electrolyte was detected by SEM and the result is displayed in Fig. 3 . Obviously, no visible pores or cracks were observed on the surface of the ZYEglass composite electrolyte, which implies that the ZYE-glass composite electrolyte was fairly dense. However, it can be seen from Fig. 3(b) that some small scattered pores were found in the crosssectional of the ZYE-glass composite electrolyte. It was also found that the pores were closed through the seal test and thus can not affect the electrochemical test. Fig.4 shows the conductivities of the ZYE-glass composite electrolyte as a function of the partial pressure of oxygen. The conductivities of the ZYE-glass composite electrolyte were performed in the oxygen partial pressure (pO 2 ) range from 10 -20 to 1 atm at 800 °C. It can be seen that the conductivities hardly changed with the partial pressure of oxygen in the whole pO 2 region, which demonstrates that the ZYE-glass composite electrolyte is a pure ionic conductor at 800 °C [21] . At 800°C, the molten low melting point glass powder may allow ionic charge carriers to move quickly and freely through it which is beneficial for the long-range transferability of ions. The temperature dependence of the conductivities of the ZYE-glass composite electrolyte was measured in wet O 2 and wet air from 400 to 800 °C. As shown in Fig. 5 , the log (T) ～ 1000 T -1 plots of the ZYE-glass composite electrolyte exhibited a linear relationship and the conductivities were increased with increased temperature. The conductivities in a wet air atmosphere were slightly lower than that in wet O 2 . The maximum conductivities of 3.4×10 -2 S·cm -1 and 2.9×10 -2 S·cm -1 were achieved in wet O 2 and wet air at 800 °C, respectively. The stability of the ZYE-glass composite electrolyte was investigated by measuring the conductivities after a 17h run in a dry N 2 atmosphere. As shown in Fig. 6 , the ZYE-glass composite electrolyte exhibited high and stable conductivity during the long run in a higher temperature range which was above the melting point of the low melting point glass powder (550 °C). This may be due to the ionic charge carriers being able to move quickly in the molten low melting point glass powder. However, the conductivity decreased slightly in the low temperature range. The glass is solid at 400-550 °C which hinders the mobility of ionic charge carriers, resulting in the decrease of electrical conductivity. It is suggested that the ZYE-glass composite electrolyte is stable enough for practical use in the high temperature range of 600-800 °C. The fuel cell performance of the ZYE-glass composite electrolyte using H 2 as fuel and O 2 as oxidant was evaluated at 800°C and the result is shown in Fig. 7 . As can be seen, the open circuit voltage was 1.09 V which indicates that the ZYE-glass composite electrolyte is tight, and the maximum power output density is 60.6 mW·cm -2 at 800°C. Moon et al. found that a fuel cell with a YSZ thin film as the electrolyte showed a maximum power output density of 230 mW·cm -2 at 750 °C [22] . Lee et al. discovered that a YSZ membrane fuel cell using microemulsion-mediated and a conventionally ball-milled NiO-YSZ anode exhibited a maximum power output density of 362 mW·cm -2 and 160 mW·cm -2 at 850 °C, respectively [23] . The result is not so high as those reported on thin film fuel cells, which may be mainly ascribed to the electrolyte layer thickness (1.1 mm). 
CONCLUSIONS
In this study, a new ZYE-glass composite electrolyte was prepared. The result of XRD indicates that the tetragonal is the main phase and low melting point glass mainly exists in the grain boundary in an amorphous form. The log ～ log (pO 2 ) plot illustrates that the ZYE-glass composite electrolyte is a pure ionic conductor at 800 °C. The highest conductivities are observed to be 3.4×10 -2 S·cm -1 and 2.9×10 -2 S·cm -1 in wet O 2 and wet air at 800 °C, respectively. The maximum power density of the ZYE-glass composite electrolyte (thickness = 1.1 mm) is 60.6 mW·cm -2 at 800 °C.
